Membrane process efficiency in the dairy industry is impaired by the formation of
INTRODUCTION
Membrane separation processes are commonly used in the dairy industry as they alone provide possibility for achieving both the fractionation and concentration without phase change while preserving physical and chemical characteristics of the main dairy components. Recently, the application of ultrafiltration and microfiltration has become increasingly widespread for the production of whey protein concentrate, a product with high nutritional value.
However, membrane application is often restricted by membrane fouling, which inevitably leads to flux decrease throughout the membrane. During ultra and microfiltration of whey, fouling is mainly governed by pore plugging and gradual adsorption of whey proteins at the membrane surface (1) . Consequently, membrane cleaning is an essential step in maintaining the permeability and selectivity of membrane processes.
Chemical methods are mainly used and most efficient cleaning agents are: alkali solutions (2-4) and formulated detergents (5, 6) . Mathematical models of cleaning give the possibility of getting a deeper insight into the present cleaning mechanisms. Some authors (2, (7) (8) (9) have proposed models which describe mechanisms of membrane cleaning by applying certain chemical agents.
The main objective of this work was to propose kinetic models for alkali and detergent cleaning of tubular ceramic membrane that was fouled with whey proteins.
EXPERIMENTAL

Experimental apparatus and materials
The schematic diagram of the experimental apparatus, made of stainless steel, is shown in Fig. 1 . The feed solution was circulated by a rotary vane pump PO511 (Cmf, Italy). During an experimental run, the permeate and the retentate were recycled back to the feed reservoir to avoid feed concentrating. Flow rate and transmembrane pressure (TMP) across the membrane module were simultaneously adjusted by a bypass valve and the main flow valve. The TMP was monitored with manometers and the flow rate was measured using a rotameter. The feed solution temperature was kept constant and measured by a digital thermometer mounted inside the feed reservoir. The permeate was collected and weighted continuously on a digital balance (EW 1500-2M, Kern, Germany) and the data were transmitted to a personal computer (PC).
Fig. 1. Experimental apparatus
The experiments were carried out using Membralox™ monotubular ceramic membrane, 250 mm long, with 7 mm ID and 10 mm OD (Pall Exekia, France). The total filtration area of the membrane was 46.2 cm 2 . The membrane, with mean pore size of 50 nm made of ZrO 2 layer on an α-alumina support, was investigated.
A reconstituted whey solution from a whey powder (donated by Novosadska mlekara, Serbia) of the following composition: 11.8% (w/w) protein, 75.0% (w/w) lactose, 3.3% (w/w) fat, 9.5% (w/w) ash and 2.3% (w/w) water, was employed for all fouling experiments. The feed solution was prepared by dissolving the whey powder in deionised water to obtain a concentration of 10 g/L. The pH value of the prepared feed solution was 6.0 for all experiments.
Deionized water was used for rinsing steps which were performed before and after each fouling experiment occurred. Two alkaline cleaning agents were used during membrane cleaning: sodium hydroxide and a mixture of commercially available detergents P3-Ultrasil 67 and P3-Ultrasil 69 (Henkel, Germany). Studied concentrations of alkali solution were 0.2%w/w, 0.4%w/w and 1.0%w/w, while detergent solutions were prepared using the following concentrations: 0.8%w/w P3-Ultrasil 69+0.5%w/w P3-Ultrasil 67 and 1.2% P3-Ultrasil 69+0.75 P3-Ultrasil 67. According to the manufacturer, P3-Ultrasil 67 is a neutral detergent which consists of alkylaminoxide (15-30%) and proteolytic enzyme (<5%) while P3-Ultrasil 69 is a mild alkaline detergent which consists of phosphonates (5-15%) and salts of organic acids (5-15%). Cleaning solutions viscosity are supposed to be equal to the viscosity of water (5.47·10 -4 Pa·s, at 50°C).
Operating conditions
Each experiment consisted of the following steps: pure water flux measurement, fouling, rinsing, chemical cleaning, rinsing, and pure water flux measurement. Since the enzymes in detergents show the highest activity at 50°C, all cleaning steps were performed at this temperature. The cross flow velocity during fouling was low to intensify formation of the fouling layer. However, the cross flow velocity during rinsing and cleaning steps was higher to enhance removal of the fouling layer from the membrane surface. The operating conditions are briefly outlined in Table 1 . 
Kinetic model
The total resistance (R tf ), due to the deposition of fouling material at surface and inside pores of the membrane, was chosen as a value that represents fouling intensity in the most suitable way. Kinetic model which estimates time change of total resistance (R tf ), which should be reduced during chemical cleaning, was introduced. Furthermore, the model predicts the change of the effective pore diameter and deposit thickness during cleaning. The total resistance (Eq. [1] ) can be presented as the sum of the individual resistances: the resistance of membrane (R m ), the resistance due to concentration polarization (R cp ), the hydraulic resistance of deposits at the membrane surface (R c ) and the resistance due to in-pore fouling (R in ).
The model involves Darcy's equation: The resistance due to concentration polarization was omitted since the membrane was rinsed with deionized water. The cake resistance (R c ) was calculated assuming a firstorder change of time derivate of the cake deposit (7):
The resistance due to in-pore fouling can be determined as a function of second order (alkali cleaning Eq. 
Combining Eq. [7] Detailed description of the applied calculation procedure can be found in other papers (10, 11) .
Mathematical models for effective pore diameter result from equations [5a] and [5b] using the determined k values: 
Deposit thickness during cleaning (δ(t)) can be estimated as follows:
RESULTS AND DISCUSSION
Fouling of membrane
Since the fouling steps were carried out under the same operating conditions, the same extent of fouling was achieved in each experiment, as shown in Fig. 2 . As expected, significant permeate flux decline occurred during filtration of reconstituted whey solution until the pseudo-steady state, approximately 8.1% of the initial value, was reached. It can be observed that the flux decline is sharp within the first few minutes due to the formation of the concentration polarization layer. Further flux decline, yet at a smaller rate, can be associated with the gradual adsorption of protein deposits on and inside the membrane surface. 
Cleaning of membrane
The permeate fluxes achieved during the steps that followed the fouling experiments (rinsing, chemical cleaning and final rinsing) are given in Fig. 3 . Rinsing with deionized water (a-series in Fig. 3 ) was implemented so that loosely bound deposits are removed Detailed information about rinsing efficiency can be found elsewhere (12) . Permeate flux curves for the NaOH solutions and for detergent solutions, during cleaning, are given in Fig. 3 as b-series. It can be noticed that the permeate flux increased within the first few minutes and more or less remained constant during the rest of cleaning time. Considerably higher flux recovery was achieved during cleaning with NaOH solutions compared to detergent solutions, especially with 1% w/w solution of NaOH. Flux curves during final rinsing, that followed cleaning steps, are given in Fig. 3 as c-series. Considerable increase in permeate flux, compared to the flux obtained during cleaning, can be observed. These results indicate significant influence of the final rinsing on flux recovery. The highest flux recovery was achieved by cleaning with 0.4%w/w alkali solution, which can save large amounts of chemicals compared to 1.0%w/w NaOH, recommended by the membrane manufacturer.
Mathematical modelling -total and specific resistances
The total resistance, R tf , during chemical cleaning was determined according to Eq. [2] . The results (ten representative points in Fig. 4) show considerable decrease of the total resistance at the beginning of cleaning. Further, as alkali cleaning progressed (Fig.  4a) , the decrease weakened till the end of cleaning, while in the case of detergent cleaning (Fig. 4b) , even a slight increase was noticed.
Mathematical modelling, through applying Levenberg-Marquardt method (ORIGIN 6.1) on Eq.
[6a] and [6b], was carried out using the R tf data in order to estimate parameter values for both alkali and detergent cleaning. The parameter values were than used to calculate total and specific resistances (the cake resistance, R c , from Eq. [4] and the inpore resistance, R in , from Eq. [5a] and [5b]). The resistance of the membrane, R m , was determined applying Eq. [3] to the pure water flux measurements. Since the resulting curves for total and specific resistances show similar trends during cleaning, only two representative cases are presented: cleaning with 0.4% w/w caustic solution and 0.8% w/w P3-ultrasil 69+0.5% w/w P3-ultrasil 67 (Fig. 4) . By analyzing specific resistances an exponential decrease of the cake resistance within a few minutes was observed. The in-pore resistance decreased slowly during the alkali cleaning. However, re-fouling was noticed during second half of detergent cleaning. Statistical parameters obtained for all cases of cleaning solutions are presented in Table 2 . Fig. 5a and Fig. 5b , respectively. It can be noticed that the greatest effective pore diameter was achieved during 30 min cleaning period with 1%w/w alkali solution. However, a maximum pore diameter after 20 min cleaning period was achieved with 0.4%w/w alkali solution, so it can be concluded that higher concentration of alkali solution is unnecessary. By analysing deposit thickness it can be concluded that some amount of proteins remains in the pores throughout the entire cleaning process. Deposits are present inside pores regardless of the applied cleaning solution and its concentration. It is worth mentioning that the lowest deposit thickness is achieved for cleaning with 1%w/w alkali solution but after 20 min of cleaning the deposit thickness is the same as for 0.4%w/w alkali solution. This confirms previous statement that it is unnecessary to use higher concentrations of alkalis. 
CONCLUSION
Defining mathematical model for both alkali and detergent cleaning gives possibility to predict changes in total and specific resistances with time as well as the changes of the effective pore diameter and deposit thickness. A five parameter model for alkali cleaning and a six parameter model for the detergent cleaning were suggested. The models confirm the decrease of total resistance within a first few minutes and almost complete elimination of the cake resistance. The in-pore resistance decreased during alkali cleaning whereas during detergent cleaning even an increase was observed. It can be noticed that even though deposits are present within pores after cleaning, further rinsing with deionized water contributes to the enhancement of cleaning. Alkali solution of 0.4%w/w NaOH was proved to have the highest cleaning strength which guaranties almost full flux recovery.
